ABSTRACT
INTRODUCTION
Bituminous binders, one of the two main components that form flexible pavement courses, are obtained by refining the petroleum. A non-renewable resource, petroleum has reserves for only 48.8 years based on the 2012 data [1] . Highway industry faces the problems of the continuous reduction of bituminous binder resources, which are used in flexible pavement production and are a petroleum byproduct, and the increase in prices. Increasing demand for transportation due to economic development and increasing population fuels the demand for bituminous binders, which are required for building new roads and maintaining the existing ones. Economic and environmental problems induced by the use of fossil resources created a need for the assessment of various alternative materials in highway industry for sustainability. Biomass, one of the largest and renewable energy sources on earth, has the potential for use with or in parallel to the conventional petroleum products after various thermochemical treatments [2] . The rapidly renewable properties and hydrocarbon structure of vegetative materials increased the prominence of these as pavement material. The most frequently used method to produce material with high economic value from agricultural biomass is pyrolysis. Pyrolysis (carbonization) is the thermochemical degradation of organic material in oxygen-free environment and under high temperatures. As a result of this degradation, products in solid, liquid and gas phases are obtained. The liquid product obtained as a result of pyrolysis is called bio-oil and the solid product is called bio-char. Studies on the use of products obtained from the pyrolysis of agricultural biomass with bituminous binders started in the 2000's and there are several studies on the subject matter. These alternative binders that are both sustainable and ecological are called bio-asphalt by the highway industry. Various research industries in certain European countries and especially the USA conduct studies to produce bio-asphalt using biomass and bio-waste [3 -7] . Yang et al. investigated the usability of bio-oil obtained from the pyrolysis of tree waste together with the bituminous binders in the study they conducted. Bio-oil obtained from the tree waste was added to neat bitumen in the rates of 5% and 10%, and Superpave binder tests were conducted on bio-modified binders. Results showed that use of bio-oil that was produced with tree waste decreased the viscosity of the bituminous binders and improved high temperature performance and affected the low temperature resistance adversely and increased ageing of the bituminous binders [8] . Lignin found in the structure of the bio-char obtained as a result of the pyrolysis of vegetable and organic waste could be used as a bio-polymer and has an inhibitor effect on the ageing of asphalt coatings. Use of bio-char with a 7% lignin content by binder weight decreases the ageing of bituminous binder significantly [9 -11] . By addition of corn lignin to the bituminous binders in the rates of 3%, 6%, 9%, and 12%, 52 different binders were obtained. Results demonstrated that lignin use decreased ageing, rutting resistance increased and low temperature cracking resistance remained constant [12] . Bio-char obtained by the pyrolysis of switch grass plant (in the rates of 5%, 10%, 15%, and 20%) and a commercial product, active carbon (10%) were used as an additive in PG 64-22 performance degree neat bitumen, and the performance properties of the modified binders were investigated. Results of the study demonstrated that bio-char use was generally beneficial for the principal degradation types observed on the pavements. Active carbon modified binders demonstrated an increase in fatigue resistance, however no changes were observed with the bio-char modified binder, and it was determined that bio-char modified binders were more effective when compared to the commercial active carbon modified binders [13] . Bostancıoğlu scrutinized the availability of active carbon produced by chemical activation from nutshell waste and furan resin produced from furfural obtained by acidic hydrolysis of vegetal waste in bitumen modification. Test results demonstrated that both active carbon and furan resin increased the toughness, lowered temperature sensitivity, and developed rheological properties of the bitumen. Based on the results obtained from mixture experiments, both additives increased the rutting resistance and fatigue endurance under repeated loads of the mixtures [14] . Turkey, which is an agricultural country due to its geographical location and the climate, could cultivate various crops. As a result, great amounts of biomass are created in the agricultural lands (40-53 million tons per year). In this study, ground walnut shells and apricot seed shell granules, which are found in large amounts in Turkey and have little economic value, were sifted through a sieve No 200, and the process of pyrolysis was implemented to produce different bio-chars. These bio-chars were added to bitumen in 3 different ratios (5 -10 -15%) to obtain modified bitumen. Conventional and Superpave binder tests were conducted on the neat and modified binders. Thus, the effects of biochars produced via the pyrolysis of the biomass on the rheological properties of bituminous binders were assessed. The objective of the study was to research the usability of bio-chars produced with the pyrolysis of ground walnut shells and apricot seed shell granules, which are found in large amounts in Turkey and have little economic value, with bituminous binders to improve the performance of highway pavements. The determination of its positive effects on bituminous binders would decrease or delay the maintenance and repair expenses of the roads. The study aims to create benefits in economic and environmental sustainability by utilizing these waste materials in a previously unchartered field.
MATERIALS AND METHODOLOGY
The study utilized B160/220 class bituminous binder procured from Batman TÜPRAŞ refinery as the main binder. Biochars produced by the pyrolysis (carbonization) of the filler that was sifted through a No 200 sieve of walnut and apricot seed shells procured from Elazığ as additive. Bio-char pyrolysis (carbonization) process was conducted in compliance with ASTM E 897-83 standard procedure. In the process, approximately 1 g sample (ground walnut or apricot seed shell) with 0.01 mg precision was placed in crucibles, which were brought to constant weigh; the crucible lid was closed and it was placed in muffle furnace at 900±50°C (Figure 2 .1). The crucibles were kept in the furnace for 7 minutes and taken out and cooled in a desiccator and weighed. Volatile substance amount determination by the weight loss (including the moisture that the sample contains) and carbonized product (solid product) amount were identified using Equations 2.1 and 2.2. 
where; g1= The weight of the sample used in carbonization test, (g) g2= The weight of the sample at the end of carbonization process, (g)
Carbonized products obtained were kept in lidded plastic containers until they were used in bitumen modification. Images of ground walnut and apricot seed shells before and after they were subjected to pyrolysis are shown in Figure  2 .2. Modified bitumen were obtained by the addition of bio-chars produced by the pyrolysis (carbonization) process in the rates of 5%, 10%, and 15% per bitumen weight to the bitumen. Mixing temperature was selected as 180°C during the preparation of modified bitumen. Neat bitumen and the bitumen modified with the selected ratios of additive were stirred at 1000 rpm rate of rotation for 1 hour (Figure 2. 3). , and dynamic shear rheometer (AASHTO TP5) tests were conducted on the modified bitumen prepared. Modified bitumen containing 5%, 10%, and 15% ground walnut shell char were displayed as CW5%, CW10%, CW15%; %5, %10 and %15, in the figures; and modified bitumen containing 5%, 10%, and 15% ground apricot seed shell char were displayed as CA5%, CA10%, CA15% in the figures, respectively. Results of the penetration tests conducted on binders are displayed in Figure 2 .4. The figure demonstrates that the lowest penetration value was observed with the bitumen modified by 15% apricot seed shell and walnut shell, while the highest penetration value was obtained with the neat binder. It was determined with the penetration test results that when ground apricot seed or walnut shell chars were used in the modification of bitumen, the penetration values would decrease, increasing the stiffness of the binders. Test results obtained from the softening point tests conducted on binders are displayed in Figure 2 .5. The figure shows that the highest softening point value was obtained with the bitumen modified with 15% granulated walnut shell char, while the lowest value was obtained with the neat binder. As the additive content increased, softening point values increased steadily. Temperatures at recommended viscosity values (equiviscous temperature of 280±30 cP for compaction and 170±20 cP for mixing) to determine the mixing and compaction temperatures in hot mix asphalt (HMA) production using apricot seed shell and walnut shell chars were determined. These values are presented in Table 2 .1. It was determined by the examination of mixing temperatures that mixing temperature differed 27.8°C the most in modified bitumen containing ground walnut shell char (15% usage); and the mixing temperature differed 15.9°C the most in modified bitumen containing apricot seed shell char (15% usage). It was determined that at compaction temperatures, modified bitumen containing walnut shell char required higher temperatures during mixing when compared to the modified bitumen containing apricot seed char.
Results identified that modified bitumen containing both ground walnut shell and apricot seed shell chars required more heat, thus requiring more energy during mixing with the aggregate. Furthermore, it was determined that modified bitumen containing walnut shell char required more energy when compared to the modified bitumen containing apricot seed shell char. High temperature performance levels of neat and modified non-aged binders based on Superpave method were determined by DSR tests conducted on binders. Modified bitumen samples prepared were filled into silicon containers with a 25 mm diameter and cooled until they reached the ambient temperature. Later on, the samples were placed in the DSR test equipment and kept there until they gain the test temperature and tested under different temperatures. DSR test results are presented in Table 2 .2. Table 2 .2 demonstrates, all binders met the original binder G*/sin δ condition (min 1000 Pa) at 52°C temperatures. At 58°C temperatures, all binders except the neat binder met non-aged binder condition G*/sin δ (min 1000 Pa). All modified binders except the modified bitumen with 5% ground apricot seed and walnut shell chars at 64°C met the specification limits. None of the binders at 70°C temperatures met the specification limits. The findings demonstrated that the performance level of neat binders was PG 52-Y, performance levels of the modified bitumen that contained 5% ground walnut shell and apricot seed shell chars were PG 58-Y, and performance levels of the modified bitumen that contained 10% and 15% ground walnut shell and apricot seed shell chars were PG 64-Y. Results showed that use of apricot seed and walnut shell chars increased the endurance parameter of bituminous binders against permanent deformation. Figures above demonstrate that complex modulus values increased with additive use at all temperatures and in all frequencies. This shows that additive use would increase the resistance of the binders against shear. Furthermore in the study, reference temperature was selected as 40°C and master curve for each binder was plotted. Arrhenius equation, one of the most common methods to determine temperature-stiffness relationship for bituminous binders, was used in determination of the master curves. Figure 2 .10 shows the master curves for ground walnut shell char modified bituminous binders, Figure 2 .11 shows the master curves for apricot seed shell char modified bituminous binders. In addition, complex modulus values for master curves in different frequencies are given in Table 2 .3. As is observed in table and the figures, the increase in frequency resulted in increased in complex shear modulus values. Based on the master curves that represent all temperature values, it was determined that the additive that increased the complex shear modulus the most in all frequencies was the walnut shell subjected to pyrolysis. It was also determined that the highest complex shear modulus values were obtained with the modified bitumen that included 15% ground walnut shell char. Comparison of additives demonstrated that modified bitumen including 10% ground walnut shell char and modified bitumen including 15% ground apricot seed shell char had similar complex shear modulus values.
RESULTS
The study scrutinized the availability of natural waste materials for bitumen modification after pyrolysis process. For this purpose, two different natural waste material; apricot seeds and walnut shells were used. These waste materials were used to obtain bio-chars through the process of pyrolysis. Bio-chars were used in bitumen modification in three different ratios (5%, 10%, and 15%). Penetration, softening point, rotational viscometer and DSR tests were conducted on the modified bitumen produced. As a result of the penetration tests, it was determined that penetration values of the binders decreased by the use of additives, thus increasing the stiffness of the binders. The most effective additive on the penetration values was the walnut shell char. Softening point test findings showed that both additives increased the softening point values, and as the additive content increased, softening point values increased constantly as well. It was determined that the most effective additive on the softening point values was also the walnut shell char. Penetration index values that indicate the sensitivity of bituminous binders for temperature demonstrated that the sensitivity of bituminous binders for temperature increased by the use of both ground walnut shell and ground apricot seed chars. This was due to the fact that despite the significant decrease in penetration values, softening point values did not increase much with additive use. Sensitivity for temperatures increased more in modified bitumen containing apricot seed shell char when compared to walnut shell char. Viscosity test results indicated that viscosity values increased with the use of additive, and as the additive content increased, viscosity values increased constantly. Using the viscosity values, temperatures for mixing with the aggregate and compaction in the field were determined. Since the use of ground apricot seed and walnut shell char increased the stiffness of the modified bitumen, it was determined that mixing with the aggregate and compaction temperatures increased as well. This shows that the use of these additives would necessitate use of more energy for the preparation of hot mix asphalts. High temperature performance levels of the binders were determined using the Superpave method. Findings demonstrated that neat binder high-temperature performance level was PG 52-Y, the same value for modified bitumen with 5% additive was PG 58-Y, and performance level high-temperature value for modified bitumen containing 10% and 15% additive were PG 64-Y. DSR tests conducted in different frequencies showed that additive use increased complex shear modulus values. Assessment of master curves demonstrated that 10% ground walnut shell char modified bitumen and 15% apricot seed shell char modified bitumen displayed similar properties. All test results indicated that natural waste materials could be used as asphalt additive materials after the process of pyrolysis with the exception of the fact that they increased the sensitivity for the heat and the mixture temperature. It is considered that a comprehensive study should be beneficial on the mixture experiments for the study to gain validity. Also, low temperature performance tests should be done on the biochar modified binders and hot mix asphalt mixtures for determination usability of biomass in bitumen modification.
